Drought-tolerant corn increased root length up to 33% over conventional corn.
A pproximately 80% of the world's agriculture is rainfed. Based on projections for future precipitation patterns, we may expect adverse impacts, such as yield penalties, on crop production due to a variation on the rainfall distribution (Bates et al., 2008) . Based on that scenario, current plant breeding programs are taking into consideration the agriculture expansion over the globe, and including regions where rainfall and soil nutrients may be a limitation (Lynch, 2007) . One of the plant characteristics that have the potential to improve crop adaptability to different environments is the root system. Soybean [Glycine max (L.) Merr.] cultivars, for example, differ on the response to flood irrigation, where the root system can play an important role to adapt varieties to adverse conditions like dry regions or poor drainage soils (Heatherly and Pringle, 1991) . Investing in the root system (i.e. root length, surface area, average root diameter, and total root volume) can be a strategy for the plant to support adverse conditions like drought and poor soil fertility in the future (Hansel et al., 2017) . Thus, investing in root growth can also be beneficial to enhance nutrient uptake in environments with low soil test levels for nutrients.
Root growth is particularly important for the uptake of immobile nutrients such as P and K (Lynch, 2007) . The capacity to develop a deep root system early in the season can help plants to increase nutrient uptake. Roots must reach the soil volume where the nutrient is located, and the nutrient must be able to move into the root (Ober and Parry, 2011) . Studies showed a direct relation between root biomass and P and K uptake in wheat (Triticum aestivum L.) (Ehdaie et al., 2010) and soybean (Hansel et al., 2017) . Nutrient acquisition is also highly dependent on characteristics that can be identified as the root architecture of the plant (Gregory, 2011) . Researchers have developed soybean genotypes with enhanced root traits for better adaptation to soils with low soil P levels (Yan et al., 2006) . However, studies evaluating genotypic variation in root systems of soybean are currently very limited. For corn (Zea mays L.), results from previous studies showed significant differences in aboveground plant nutrient uptake among corn genotypes with different genetic backgrounds (Gordon et al., 1998) . This suggests that possible differences in root systems among corn genotypes can contribute to differences in nutrient uptake from the soil and fertilizer application. However, nutrient concentration in the root and changes with the increase in root biomass has not been evaluated.
Characterizing root morphological properties such as total length, root system surface area, average root diameter, and branching patterns can be assessed accurately using new root analysis software based on image analysis. According to Bouma et al. (2000) and Himmelbauer et al. (2004) , root length and root-diameter distribution measurements provided by the WinRHIZO software (Regent Instruments) are accurate when the correct scanning protocol is followed. Therefore, computer-assisted root imaging is an opportunity to facilitate the analysis process and improve accuracy.
Our study hypothesizes that different corn and soybean genotypes will present different patterns on root growth, and consequently, will vary in nutrient accumulation for both shoot and root parts. The objectives of this study were to: (i) characterize root length, surface area, average root diameter, and total root volume of two contrasting genotypes of corn and soybean using image analysis in the greenhouse and under field conditions; and (ii) evaluate dry weight biomass accumulation and nutrient uptake by shoot and root plant parts under a controlled greenhouse environment.
MATERIALS AND METHODS

Corn and Soybean Genotypes
Two commercial corn genotypes with similar maturity groups (111 d to reach maturity) were selected for the study based on potential differences in root system growth. Pioneer P1151 AM AquaMax (Pioneer Hi-Bred), considered as drought-tolerant corn genotype (DT), and Pioneer P1105 AM, a conventional corn (Abendroth et al., 2011) . ‡ Numbers followed by different letters within rows for each main effect and the genotype × growth stage interaction represent statistically significant differences at p ≤ 0.05. genotype (CR) (conventional is defined as not drought tolerant), any other herbicide or pest traits were the same for both hybrids. Two soybean genotypes with the same maturity group (4.4) were selected for the study including Pioneer 94Y40, considered highly suitable for poorly drained soils (PD), and Pioneer P44T63R recommended for well-drained soils (GD). The same corn and soybean genotypes were used for both the greenhouse and field studies.
Greenhouse Study
A greenhouse study was conducted in 2015 (March-May) under a temperature-controlled greenhouse facility at the Department of Agronomy, Kansas State University, Manhattan, KS. Large polyvinyl chloride (PVC) columns of growing media were used to grow corn and soybean. Columns were 100 cm high and 20 cm in diameter to minimize restrictions in root growth and allow the harvest of the entire root system with minimal damage. Each column was one experimental unit, with 30 columns used in this study. Each column consisted of 18 kg of Turface Athletics (PROFILE Products LLC) as a growing media with a bulk density of 0.59 g cm -3 . A controlled release fertilizer (14-14-14, N-P 2 O 5 -K 2 O; Osmocote Classic) and Micromax (Everris NA) (6% Ca, 3% Mg, 12% S, 0.1% B, 1% Cu, 17% Fe, 2.5% Mn, 0.05% Mo, and 1% Zn) were thoroughly mixed in each column at the rates of 155 and 37.2 g, respectively. The growing media was packed into the column with water so it could be settled and filled 15 cm to the top of the column. The two genotypes of corn and soybean were seeded the same day with three seeds per column and thinned to one seedling after germination. Automated drip irrigation was implemented for each column, increasing the water amount during the season attending plant demands per day during the study. The criteria used for irrigation was not taking into consideration daily evapotranspiration or soil water depletion. Irrigation was applied daily to avoid plant stress due to lack of water.
A cloth was placed underneath each column to allow the drainage of excess water. The temperature ranged from 21.6°C (SD ± 0.3°C) at night and 26.9°C (SD ± 1.7°C) during the day and with a photoperiod of 14 h; and daily ambient relative humidity ranged from approximately 50 to 65%. The air temperature was monitored at 10-min intervals throughout the experiment using HOBO data logger (Onset UTBi-001; TidbiT v2 temperature logger).
Destructive plant sampling was completed for corn at the V6 (six leaves with collar visible), V10 (10 leaves with collar visible), and VT (tassel stage) growth stages (Abendroth et al., 2011) and divided in shoot and root parts. Soybean plants were sampled at the V3 (three sets of unfolded trifoliolate leaves) and R3 (beginning pod) growth stages (Pedersen, 2003) and divided in shoot and root parts. Root samples were triple rinsed using tap water to separate the growing media, packed in re-sealable zipper storage plastic bags, and stored at 4°C in a cold room. Thereafter, roots were sliced into 25 cm long portions and placed on a transparent acrylic tray with 20 cm wide and 30 cm length in a thin layer of water (6-8 mm height) and scanned using a root scanner (Epson Perfection; Epson) model V700 with 400 dpi resolution. Images were processed using the software WinRHIZO Pro image analysis system (Regent Instruments) to estimate the total root length, surface area, average root diameter, and total root volume. Based on the root diameter distribution and root length, the software calculates the root volume and area (Regent Instruments, 1991) . After imaging, roots and shoots collected were dried at 60°C and weighted when constant dry weight was achieved. The root/shoot ratio was calculated as the ratio of root dry weight to shoot dry weight. The root and shoot plant parts were ground to a fine powder and analyzed for total nutrient content. Total N, P, and K were analyzed by the sulfuric peroxide digest as described by Lindner and Harley (1942) . Nitrogen digest was analyzed by an indophenol blue colorimetric procedure using (Abendroth et al., 2011) . ‡ Numbers followed by different letters within rows for each main effect and the genotype × growth stage interaction represent statistically significant differences at p ≤ 0.05.
the Rapid Flow Analyzer (Model RFA-300; Alpkem Corporation, Clackamas, OR). Total P and K were determined using an inductively coupled plasma (ICP) spectrometer (720-ES ICP; Varian Australia Pty Ltd.). Analysis of S, Mn, and Zn were done using perchloric digest with an ICP spectrometer (720-ES ICP; Varian Australia Pty Ltd.) following the method of Gieseking et al. (1935) .
Field Study
In addition to the greenhouse study, a field study was completed at two different geographic locations during the 2015 growing season. The field studies were in Ottawa, KS, (38°32¢19² N; 95°15¢11² W) on a Woodsen silt loam soil (fine, smectitic, thermic Abruptic Argiaquolls) with poor drainage conditions (Soil Science Division Staff, 2017). A second location was in Scandia, KS (39°46¢23² N; 97°47¢19² W) on a Crete silt loam soil (fine, smectitic, mesic Pachic Argiustolls) with good drainage conditions (Soil Science Division Staff, 2017) . Although the Ottawa site was considered as a poorly drained soil, it is important to state that the plants did not experience anoxic or ponded conditions at either location. The same genotypes used in the greenhouse experiment were evaluated under field conditions. Corn in Ottawa was planted on 7 Apr. 2015, and soybean was planted on 10 June 2015. At Scandia, corn was planted on 30 Apr. 2015, and soybean was planted on 9 June 2015. The Ottawa location was under rainfed conditions and Scandia received supplemental irrigation. Soil samples were collected from each study location with 20 cores within the study area. Soil cores were taken from 0 to 15 cm deep using a 3-cm diameter probe. Extractable P was determined by the Mehlich-3 method (Frank et al., 1998) and extracts were analyzed by colorimetry. Extractable K was determined by the ammonium acetate method (Warncke and Brown, 1998) . Soil pH was measured using a 1:1 soil/water ratio (Watson and Brown, 1998) , and soil organic matter (OM) was determined by the Walkley-Black method (Combs and Nathan, 1998) . The description of each location is presented in Table 1 .
Corn and soybean were grown under no-till conditions in the field following soybean and corn, respectively, grown the previous year. Nitrogen fertilizer was applied for corn at 200 kg N ha -1 . Root systems were evaluated as affected by genotype and no other additional treatments were applied. Ten corn root samples for each genotype (two per replication) were collected using a shovel at the V6, V10, and VT growth stages. Soybean root samples were collected at the V3 and R3 growth stages. Root samples were collected at 20 cm deep and 40 cm diameter around the stem giving the total root biomass per volume of soil. The soil was removed by hand in the field to avoid root loss. Root samples were cleaned in water to separate from the remaining soil material. Root cleaning, scanning, and imaging process for the field samples were the same as those for the greenhouse samples.
Experimental Design and Statistical Analysis
The experimental design for the greenhouse study was a completely randomized design with three replications. The field 4. Statistical significance (p values) of corn and soybean genotype and growth stage on nutrient uptake for aboveground and root plant parts in the greenhouse study.
Nutrient uptake
Corn Soybean study was a randomized complete block design with five replications and corn and soybean were in adjacent fields. Genotype and growth stages were included as a fixed effect in the model and block as a random effect. Analysis of variance was completed using the PROC GLIMMIX procedure in SAS 9.2 (SAS Institute, 2011). Mean separation was completed using the LINES option in PROC GLIMMIX at a significant level of p ≤ 0.05.
RESULTS
Corn
At the greenhouse study, for the main factors of genotype and growth stage, the DT genotype showed greater shoot dry weight biomass compared with the CR genotype, whereas shoot and root plant parts increased total biomass as corn developed (Table 2) . Root length was found to be 13, 33, and 30% greater for the DT genotype at the V6, V10, and VT growth stages, respectively (Table 2 ). Root surface area showed a trend of greater values at all growth stages for the DT genotype, but no significant differences were found for this parameter in the genotype × growth stage interaction (Table 2 ). Root average diameter was greater at the V6 corn growth stage and lower at the V10 stage, but there was no significant difference between genotypes (Table 2) . Root volume showed a significant interaction between growth stage and genotype with greater values for DT genotype only at the VT growth stage when compared with the CR genotype, but no difference in earlier growth stages between the two genotypes (Table 2) . Root length and root volume increased with the corn development during the growing season and were greater for the DT genotype compared with the CR genotype ( Table 2 ). The corn root/shoot ratio showed a significant genotype × growth stage interaction (Table 2) . At the V6 stage, the CR genotype had a 47% greater root/shoot ratio compared with the DT corn genotype, suggesting that CR genotype allocates in more root growth early in the season compared with the DT genotype corn ( Table 2) . Corn root/shoot ratio generally decreased with plant growth indicating greater shoot growth rate than roots later in the growing season. However, this decrease in corn root/shoot ratio can be related to some limitation of the greenhouse container volume as corn plants reach the VT growth stage. At the same time, as DT genotype presents genetic traits to root growth, a similar pattern was observed with the shoots. Under field conditions, no significant genotype × growth stage interaction was found at any location for any parameter (Table 3) . The DT genotype showed 30% greater root length at the Ottawa location (Table 3 ). No differences in corn root length were found at the Scandia location for the different corn genotypes. Furthermore, surface area, average diameter, and root volume showed no significant differences among the genotypes at any location (Table 3) . Root length, surface area, average diameter, and volume increased from the V6 growth stage until the VT growth stage ( Table 3) .
Analysis of variance showed a significant effect of corn growth stage for nutrient uptake and genotype for some nutrients at the greenhouse study (Table 4) .
Nutrient uptake by shoot and root plant parts showed no statistically significant genotype × growth stage interaction (Table 4 and Fig. 1 ). Total nutrient uptake was greater at the VT growth stage for the shoot and root parts (Fig. 1) . On average across growth stages, the DT corn genotype increased N, Mn, and Zn uptake by 125, 14, and 2.5 mg plant -1 , respectively, in the shoot compared with the CR corn genotype. The total nutrient uptake in the root biomass was not affected by genotype selection (Table 4 and Fig. 1) .
Evaluation of nutrient concentration in the corn shoot and root plant tissue showed a dilution in nutrient concentration as biomass increase during the growing season ( Fig. 2 and 3) . This tendency was similar for both shoot and root plant parts with (Pedersen, 2003) . ‡ Numbers followed by different letters within rows for each main effect and the genotype × growth stage interaction represent statistically significant differences at p ≤ 0.05. (Pedersen, 2003) . ‡ Numbers followed by different letters within rows for each main effect and the genotype × growth stage interaction represent statistically significant differences at p ≤ 0.05.
no apparent effect of genotype on tissue nutrient concentration. Nitrogen, P, and K were generally in higher concentration in the aboveground corn biomass (Fig. 2) , whereas S, Mn, and Zn were in higher concentration in the root biomass (Fig. 3) .
Soybean
At the greenhouse study, the soybean showed no significant genotype × growth stage interactions for root length, surface area, diameter, volume, root dry weight, shoot dry weight, and root/ shoot ratio (Table 5 ). In addition, there were no differences between the two genotypes (Table 5) for any root parameter evaluated in this study. Root length, surface area, root volume, root, and shoot dry weight increased throughout the growing season, whereas average root diameter was the same during the same period (Table 5) . Although no statistical differences were found for the parameters between the two soybean genotypes in the greenhouse, there were some trends in the results. The PD genotype showed greater shoot dry weight than the GD genotype at the R3 growth stage ( Table 5 ). The genotype × growth stage interaction showed the PD genotype having a trend of greater root/shoot ratio at the V3 growth stage and lower at the R3 growth stage. Because the root dry weight from both genotypes were similar at V3 and R3 growth stages, the differences in root/shoot ratio was due primarily to changes in shoot dry weight. Both PD and GD genotypes had similar shoot dry weight at the V3 growth stage; however, at the R3 growth stage, the shoot dry weight increased for the PD genotype, consequently lowering the root/shoot ratio. The soybean genotypes evaluated in the greenhouse for this study showed similar root/shoot ratio values with a decrease in root/shoot ratio values later in the season (Table 5) .
In the field studies, only the main factors showed statistical differences, except for root length and the average diameter (Table 6 ). The evaluation of the soybean genotypes showed a 23% increase in root surface area for the GD genotype in Ottawa (Table 6 ). Average root volume was also found to be greater for the GD genotype in Ottawa. On the other hand, the PD soybean genotype had roots with approximately 0.5 cm 3 more volume than the GD genotype in Scandia (Table 6 ). Root length, surface area, and diameter were not statistically different in Scandia (Table 6 ). In Scandia, root length, surface area, average diameter, and root volume were greater at the R3 growth stage than the V3 growth stage (Table 6 ).
Soybean nutrient uptake increased with growth stage, with greater values at the R3 stage for both shoot and root (Fig. 4) . Soybean nutrient uptake by shoot and root plant parts was only affected by growth stage, with no significant effect of soybean genotype (or the soybean genotype × growth stage interaction) ( Fig. 4) . For the soybean shoot plant part, there was a trend for greater N, P, K, S, Mn, and Zn uptake in the PD genotype at the R3 stage ( Fig. 3) .
Nutrient concentration as related to soybean shoot and root biomass showed a higher concentration of P, K, and S in the aboveground tissue compared with the root tissue ( Fig. 5 and 6 ). Manganese and Zn showed no clear difference in tissue concentration between shoot and root plant parts. These results are less consistent than those found for corn ( Fig. 2 and 3) , with no apparent effect of soybean genotype on shoot and root tissue nutrient concentration. In addition, the nutrient dilution effect reported for corn ( Fig. 2 and 3) is not clear for soybean ( Fig. 5 and 6 ).
DISCUSSION
Corn
Results in the greenhouse study suggest that the DT corn genotype enhances root growth at late vegetative and early reproductive growth stages. Previous studies show that root dry weight increase until the VT growth stage and at a greater rate after the V8 growth stage (Yu et al., 2015) . Corn is typically more susceptible to stress during early reproductive growth stages (VT-R1 growth stages), when pollination occurs (Shaw, 1977) . It is possible that corn genotypes with higher root volume by this growth stage might contribute to increased access to soil water deeper in the soil profile and nutrients such as N that are in high demand during this period (Hammer et al., 2009; Ryser, 2006) . Field condition results showed a similar trend as the greenhouse study, which can imply advantages for the DT genotype when exploring deeper soil layers and access to nutrients and water (Hammer et al., 2009 ). However, values for root parameters were lower for the field study, suggesting that only a fraction of the total root system was collected with field root sampling. This can affect the precision of root parameter measurements and may be confounded with soil and environmental factors affecting root growth in the field.
Higher N, Mn, and Zn uptake showed by DT genotype can be explained by greater root length, surface area, and volume and shoot growth over the CR genotype. Therefore, it is possible that the root length, surface area, and root volume contributed to higher uptake of some nutrients. Previous research evaluating different root systems suggested that N uptake can be affected by plant root size and distribution in the soil (Lynch, 2013; Peng et al. 2012) . Root length and surface area are considered key parameters for nutrient and water uptake; thus, it is possible that under field conditions the DT corn genotype can show a different response to nutrients and water stress conditions, particularly during crucial growth stages for yield determination (Himmelbauer et al., 2004) . Previous studies evaluated drought-tolerant Fig. 5. Nutrient concentration as a function of soybean shoot biomass evaluated at the V3-R3 growth stage for two soybean genotypes. corn genotypes for root morphology, and results showed greater values for both total root length and shoot dry mass ratio when compared with conventional genotypes (Magalhães et al., 2012) .
The difference in nutrient concentration between shoot and root plant parts may be due to the relative mobility of the nutrient in the plant and the specific functions of each nutrient that are associated with different plant organs. In addition, the rapid growth of corn from V6 to VT growth stage decreased the concentration of all nutrients evaluated. The rapid accumulation of dry biomass compared with the nutrient accumulation rate in the plant ( Jarrell and Beverly, 1981) generate a dilution effect of nutrients for both shoot and root parts in corn. Previous research found nutrient dilution effects in corn for the aboveground biomass. Between corn emergence and silking stage, N concentration decreased as the aboveground biomass increased (Plenet and Lemaire, 2000) . In addition, in a study conducted in Kansas, starter fertilizer increased corn biomass at the V6 growth stages over the broadcast treatment, which resulted in a lower P concentration in the corn plant (Adee et al 2016; Arns, 2013) . However, the nutrient dilution for the root biomass has not been evaluated in previous studies.
Soybean
Previous studies suggested that partitioning of dry matter between roots and shoot in soybean plants is a characteristic determined by the plant genotype (Shank 1943) . Root length, surface area, and diameter are used to calculate the total root volume and consequently impact in its final value. Both genotypes increased their root surface area, diameter, and root volume in Scandia. According to Lynch and Brown (2008) , in soils with low soil test P, root growth is stimulated to explore a larger volume of soil more effectively. Thus, the increase in the analyzed root parameters can be a response to the low soil test P level in Scandia (11 mg kg -1 ).
According to its commercial suitability rating, the PD genotype was expected to show relatively better performance under soils with poor drainage characteristics such as Ottawa when compared with other genotypes. However, field conditions at both locations were considered good in terms of drainage during the growing season. Although considered a poor drainage soil, Ottawa location did not show any standing water during the study. In addition, field assessment to plant root parts were limited once only a small portion of the total roots could be accessed. This may introduce some bias for root system evaluation as affected by soybean genotype in the Fig. 6 . Nutrient concentration as a function of soybean root biomass evaluated at the V3-R3 growth stage for two soybean genotypes.
field. Despite this, results from this study suggest that soybean root system growth is not only a function of soil type, texture, and drainage, but other factors such as plant-available P (and other nutrients) may become the driving factor for root growth and development.
Previous studies showed that the root surface area is the most important characteristic affecting nutrient uptake rate in dicotyledonous species (Barber, 1995) . It is possible that the average greater root surface area of the PD genotype compared with the GD genotype in Scandia explains the trend of increased nutrient uptake. This root parameter may be particularly important for immobile nutrients, which may require a good root distribution in the soil volume with greater nutrient content (Shen et al., 2011) .
Nutrient concentration in soybean shoots and roots throughout the study were similar at both V3 and R3 growth stages ( Fig. 4  and 6 ). Since the soybean growth rate is lower than corn, the nutrient allocation rate is more paired with the dry biomass accumulation.
In our study, field assessment to plant root parts were limited once only a small portion (20 cm deep) of the total roots could be accessed. Although the sampling followed the same protocol for all genotypes, the sampling depth limitations may introduce some bias for root system evaluation as affected by corn and soybean genotype in the field. Thus, caution should be taken when interpreting root results from the field.
CONCLUSIONS
Recent emphasis to provide the best corn or soybean genotype for each production field based on soil characteristics and climatic conditions generated strong interest in root system evaluation as part of the genotypic selection and improvement. In our greenhouse study, the DT corn genotype showed greater root length, surface area, and root volume over the CT corn genotype, whereas soybean genotypes did not show any significant differences in both roots and shoot characteristics evaluated. This increase in root length, surface area, and root volume likely induced higher N, Mn, and Zn uptake by the DT corn genotype. Thus, the DT corn genotype has a potential for increased root growth and, consequently, nutrient uptake. In the field study, the DT corn genotype confirmed the increased root length over the CT corn genotype. For soybean, the genotypes responded differently to their site-specific suitability. Since no standing water was observed in any site, and just a fraction of the root systems could be accessed, our conclusions suggest that soybean root system growth is not only a function of soil type, texture, and drainage, but other factors such as plant-available P.
This study evaluating root growth under both greenhouse and field conditions also showed the limitations and challenges associated with field evaluation of root systems, therefore requiring some caution for field data interpretation.
